We present a novel design for quadrature phase detection utilizing two-mode optical waveguides for optical interferometric systems. A pair of interferometric signals having quadrature optical phase information can be obtained from the near-field and far-field patterns of a two-mode waveguide output. The operational principle is based on a 7r/2 differential phase shift between two modal beams occurring during their transition from near-field to far-field radiation patterns.
ture phase, 3 -5 so that when one of the signals has zero sensitivity to the phase shift another signal has maximum sensitivity. In this Letter we describe a new passive device for quadrature phase detection for fiber-optic interferometric systems. This device provides a much simpler and more accurate way of avoiding the signal-fading problem compared with existing techniques. The device is based on modal interference occurring in elliptical-core two-mode fibers described elsewhere 6 ' 7 and an additional phase shift occurring for a Gaussian beam passing through a focal region in free space (known as the Gouy effect). 8 When the symmetric LP 0 1 and antisymmetric LP 1 1 modes of an elliptical-core two-mode fiber are excited with equal intensity, the intensity distribution of the output radiation pattern varies as a function of the phase difference between the two modes as a result of modal interference. The light intensity falling on a detector offset from the fiber axis generates a typical two-beam interferometer signal that has a sinusoidal dependence on the differential phase shift between the two modes. When the two modes exit the optical fiber end face (which corresponds to a focal point) and radiate to the far-field region, the two modes experience an additional differential phase shift of 7r/2 due to the Gouy effect. Simultaneous measurements of the modal interference patterns in the near-field and far-field regions provide stable phase quadrature information about the interfering optical waves. This technique can be directly applied to two-mode fiber sensors and also to conventional single-mode fiber interferometers with a simple modification in the optical circuit.
We focus this discussion on the phase relation between the two modal beams radiating from the fiber into the near-field and far-field regions. We assume that the beams of the LP 01 and LP 11 modes radiating out of the fiber can be approximated by the fundamental Hermite-Gaussian mode (TEMOO) and the secondorder Hermite-Gaussian mode (TEM 10 ), respectively, with the fiber output end face as their waist plane. The Hermite-Gaussian TEMIm mode field distribution can be written in the following form 8 ' 9 : (1) where Alm(x, y, z) is the amplitude, k is the wave number, and the beam waist is at the plane z = 0. R(z) and q(z) in Eq. (1) are given by R(z) = z I + Z ) (2) and q(z) = tan-'( ) (3) with zo = '/ 2 wo 2 k, where wo is the minimum spot size at z = 0. The spot size is defined as the distance from the optic axis where the fundamental Gaussian field amplitude is down by a factor of l/e to its value on the axis. The second phase term in Eq. (1) is due to the curvature of the almost-spherical wave fronts. The third term is the Gouy phase shift, which indicates that the effective axial propagation constant in the waist region is slightly smaller than for an ideal plane wave. 8 As can be seen from Eq. (3), the value (z) becomes -r/2 when z >> zo, i.e., in the far-field region.
We define AO = 01 -02, where 01 and 02 are the phases of the fundamental and the second-order modes, respectively. Also, we let AO at the fiber end microscope objective) and then split into two beams by a beam splitter. The reflected beam was focused again by a lens (20X) that was located at the beam waist, producing another beam waist 9 before the beam diverged, and was projected onto screen 1. The beam projected onto screen 1 has passed through two halfwaists and one complete waist. Following the above argument, the AO on screen 1 becomes Ao -2i7r, which is in phase with the near field. The far-field pattern was obtained on screen 2 through another lens that was used to adjust the size of the pattern on the screen.
The far-field beam projected onto screen 2 has passed through two and a half complete waists, and thus AO becomes AO0 -57r/2. For a simpler design of the device, all the bulk optic elements in Fig. 1 can be replaced by two detectors located at the near-field and far-field regions of the fiber output, with each detecting the proper portion of the radiation pattern. The major axis of the fiber core was horizontal, and the left and right sides are reversed in Fig. 2(a) owing to reflection at the beam splitter. For A00 = 2(N + 1)r the radiation pattern is the same as that for Aqo = 2N7r. As A0o changes, we expect the bright spot of the lobe pattern to move forth and back horizontally with a period of 27r on each screen, with extreme displacement from the centerline on one screen occurring when there is zero displacement of the other. The ellipticity of the radiation pattern in Fig. 2(b) is different from that in Fig. 2(a) owing to diffraction from the aperture of the fiber core, such that the patterns in (b) are elongated in the vertical direction compared with the corresponding patterns in (a). We can see in Fig. 2 that the modal phase difference (AO) in the far field is 7r/2 behind that in the near field, which is consistent with the theory in Eq.
(1). Figure 3 shows a pair of the quadrature outputs obtained with the detectors located at the positions of screens 1 and 2. The detectors were offset from the fiber axis, as is the case of the usual two-mode fiber interferometry. 6 ' 7 ' 1 0 A short section of the fiber was continuously stretched, and the detector outputs were recorded as a function of the fiber extension. A 7r/2 phase difference between the two signals is clearly seen. The far-field signal is arbitrarily displaced in the vertical direction with respect to the near-field signal in order to prevent the overlapping of the two curves. The difference in the magnitudes of the two signals is due to the unequal optical power splitting in the beam splitter used for the experiment, and no attempt was made to equalize the size of the two signals. This passive quadrature phase detection technique could be readily applicable to two-mode fiber interferometers and conventional signal-mode fiber interferometers. An example is shown in Fig. 4(a) for a singlemode fiber Mach-Zehnder interferometer. An ordinary single-mode fiber directional coupler at the output end is replaced by a mode-selective directional coupler" (MSDC) that is built with single-mode fibers (SMF) and two-mode fibers (TMF). The optical signals that travel through the two single-mode fiber arms of the interferometer are coupled to the LP 01 and LP 11 modes, respectively, of the two-mode fiber by using a splice followed by a LP11 mode stripper (LP,,MS) and a MSDC. The LP 1 1 MS can be a simple coil of the two-mode fiber with a tight radius, and the MSDC couples all the light from the single-mode fiber to the LPn1 mode of the two-mode fiber. No coupling occurs between the LP 01 mode of the two-mode fiber and the single-mode fiber. The signals propagating in each of the two modes now correspond to those from each single-mode arm of the interferometer. The phase measurement of the interferometer is made with the quadrature phase detector described above.
Another example is shown in Fig. 4(b) for a homodyne receiver for coherent communication systems that uses a local oscillator (LO). The optical signal from the local oscillator is coupled to the LP 01 mode of the two-mode fiber. A LP 1 1 MS elliminates residual local oscillator signals in the LP1u mode. The incoming signal in a signal-mode fiber is completely transferred to the LP 1 1 mode of the two-mode fibers, forming a two-mode fiber interferometer. The rest of the signal processing is the same as that of Fig. 4(a) .
In conclusion, we have obtained a pair of quadrature signals from the near-field and the far-field outputs of an elliptical core two-mode fiber. No special bias and no extra optical or electronic processing are required. The device can be miniaturized by using gradientrefractive-index lenses for the detection of near-field and far-field patterns.
